The adsorption of benzoic acid on to a modified bentonite (ODTMA-bentonite) was studied. ODTMA-bentonite was synthesized by the incorporation of a quaternary ammonium surfactant (octadecyltrimethylammonium bromide) on to Çankiri sodium bentonite (ÇNa-B) with a cation-exchange capacity of 85 mequiv/100 g clay. A 2 4 full factorial central composite experimental design followed by multi-stage Monte-Carlo optimization was used in designing the experiments and analyzing the results. This procedure limited the number of actual experiments performed whilst allowing for possible interactions between the four parameters studied.
INTRODUCTION
Various toxic chemicals have been discharged to the environment as industrial wastes, causing serious water and soil pollution. The removal of organic contaminants from wastewater has been studied extensively using various physicochemical and biological techniques. Of these techniques, there has been much interest recently in using clays (particularly smectites) for the removal of organic pollutants from water because of their high cation-exchange capacity (CEC) and surface areas. In particular, over the past 10 years there has been much interest and advancement in the use of organoclays as adsorbants to remedy organic contamination (Gitipour et al. 1997; Lin and Cheng 2000; Koh and Dixon 2001; Carroda 2000; Barrer and Kelsey 1989; Smith and Galan 1995; Smith and Jaffe 1991; Smith et al. 1990a,b) .
Of the various organoclays, organobentonites have been the most widely investigated by many researchers (Boyd et al. 1988; Lee et al. 1997; Jaynes and Boyd 1990; Çelik et al. 2000; . Organobentonites are produced by replacing exchangeable inorganic cations (e.g. Na + , Ca 2+ , H + ) on the internal and external mineral surfaces of bentonite with quaternary alkylammonium cations. Naturally-occurring bentonite is not efficient as an adsorbent for the uptake of hydrophobic organic pollutants from aqueous solution, primarily because of the electrically charged and hydrophilic characteristics of its surface. The bentonite surfaces are drastically altered through such an exchange process and the resulting organobentonites behave as strong adsorbents relative to the natural material for non-ionic organic pollutants (Barrer and Kelsey 1989) .
The sorption properties of organobentonites depend greatly on the characteristics of the exchanged organic cations. Smith and Galan (1995) demonstrated that the adsorption of tetrachloromethane on to bentonite modified by the exchange of small organic cations was characterized by non-linear isotherms, strong solute uptake and competitive sorption. In contrast, tetrachloromethane sorption on to bentonites modified by relatively large organic cations (C > 10) was characterized by essentially linear isotherms, lower solute uptake and non-competitive sorption. The authors concluded that differences between the two groups of organoclay sorbents were attributable to different sorption mechanisms: adsorption for bentonite modified with organic cations with small functional groups and partition for bentonite modified with organic cations with relatively large functional groups. Small organic cations (e.g. tetramethylammonium) create a relatively rigid, non-polar surface amenable to the uptake of non-ionic solutes by adsorption. Larger organic cations (e.g. hexadecyltrimethylammonium bromide) create an organic partition medium through conglomeration of their flexible alkyl chains.
The present study describes the optimization of benzoic acid adsorption on to ODTMA-bentonite synthesized from Çankiri sodium bentonite.
MATERIALS AND METHODS

Materials
Çankiri (Turkey) sodium bentonite (ÇNa-B) was used in the study, the cation-exchange capacity (CEC) of the original material being determined via the Methylene Blue test (ANSI/ASTM C 837-76). X-Ray powder diagrams of the original sample and of the organobentonite, prepared as random powder materials, were obtained using a Rikagu D-max 2200 powder diffractometer. The studies showed that montmorillonite was the main mineral in the samples with minor amounts of quartz, a-cristobalite and albite also being identified in the raw materials.
Octadecyltrimethylammonium bromide (ODTMA, Fluka) was used for the exchange of inorganic ions in the original materials with organic cations. The organobentonite was prepared as described in detail by Çelik et al. (2000) . The concentration of organic pollutant (benzoic acid) in the aqueous phase was determined by ultraviolet spectrophotometry (UV-1601, Shimadzu) at a wavelength of 238 nm. Solutions of the organic contaminant were prepared at selected concentrations and the sorption experiments were carried out as described by Çelik et al. (2000) .
Experimental design and optimization by RSM
Response surface methodology (RSM) was used in the empirical study of the relationships between one or more measured responses and a number of input variables with the aim of optimizing such responses (Box and Wilson 1951; Cochran and Cox 1957; Myers 1971; Kazanov 1976; Box et al. 1978; Khuri and Cornell 1987; Montgomery 1996) . A 2 4 full factorial central composite design (CCD) for four independent variables each at five levels was adopted in this study. A fractional factorial design consisting of 16 factorial points, 8 axial points (two axial points on the axis of each design variable at a distance of 2 from the design centre) and six replicates at the centre points was employed to fit a second-order polynomial model. A total of 30 experiments was necessary for the estimation of the 14 coefficients of this model. The quadratic response surface model was fitted to the following equation:
where y is the measured response for each test [i.e. adsorbed benzoic acid (mg/l) in this study]; x 1 , x 2 , x 3 , x 4 are coded independent variables [x 1 = initial concentration of benzoic acid (mg/l), x 2 = agitation rate (rpm), x 3 = amount of organobentonite (g),
and b 8 are quadratic coefficients; b 9 , b 10 , b 11 and b 12 are cross-product coefficients; and e is the experimental error. The range and levels of the variables investigated in this study are listed in Table 1 . The selection of these levels was based on the results obtained in a preliminary study. In developing the regression equation, the test variables were coded according to the equation
where x i is the coded value of the ith independent variable, X i is the uncoded value of the ith independent variable, X i * is the uncoded value of the ith independent variable at the centre point and DX i is the step change value.
Macanova software (version 4.07, Minnesota, USA) was used for regression and graphical analyses of the data obtained. The goodness-of-fit of the model was evaluated via the coefficient of determination (R 2 ) and an analysis of the variances.
The contour plots and dimensional surfaces provide the most useful approach for predicting the response towards different values of the test variables and identifying the type of interactions between these variables (Box et al. 1978) . The regression equation can take a number of different forms depending on the coefficients. The corresponding contour systems are obviously of very different kinds such as a maximum point or a minimum point (elliptical, circular), saddle point (mini-max), stationary ridge or rising/falling ridge (Myers 1971; Kazanov 1976; Box et al. 1978) . 
RESULTS AND DISCUSSION
The statistical combinations for benzoic acid adsorption on to ODTMA-bentonite are listed in Table 2 . In order to determine whether or not the quadratic model was significant, it was necessary to conduct an analysis of variance (ANOVA) using the usual Fisher F-tests, etc., in which the regression sum of squares was subdivided into two parts, i.e. that attributed to linear regression and that attributed to the quadratic model (Myers 1971) . The ANOVA for the quadratic model is presented in Table 3 . This shows that the probability value for the multiple regressions was very small (p-value = 9.44 × 10 -14 , p < 0.01 when significant). The ANOVA also indicated that the model represented adequately the actual relationship between the response (the adsorbed benzoic acid concentration) and the significant variables. The Fisher F-test with a very low probability value also demonstrated a very high significance for the regression model since the computed F-value (F 0.01(14,15) = S r 2 /S e 2 = 170.54) was much greater than the tabular F 0.01(14,15) -value (3.66). A good model would explain most of the variation in the response. The coefficient of determination (R 2 ) provides a measure for this criterion and can be calculated by dividing the variation as explained by the model by the total variation (Khuri and Cornell 1987) . The closer the value of R 2 to unity the better is the correlation between the observed and predicted values. In this study, we found that the coefficient of determination (R 2 ) and the adjusted coefficient of determination (R 2 adj ) for the model were 0.99343 and 0.992022, respectively. This value of R 2 , indicating that only 0.7% of the total variation was not explained by the regression model, was very high and advocated high significance for the model. A higher value of the coefficient of determination R 2 (0.996709) would have provided complete justification for an excellent correlation between the independent variables (Box et al. 1978) .
The application of response surface methodology based on estimates of the parameters indicated an empirical relationship between the response variables (adsorbed benzoic acid concentration) and the test variables expressed by the following quadratic expression in coded units: Y = 85.635 + 2.478x 1 -0.6871x 2 + 10.78x 3 + 25.985x 4 -0.0181x 1 2 -0.12632x 2 2 -4.572x 3 2 -1.2784x 4 2 + 2.4123x 1 x 2 + 0.64479x 1 x 3 -0.6740x 1 x 4 -0.69829x 2 x 3 + 0.61704x 2 x 4 + 5.1743x 3 x 4 (3)
The Student t-distribution and corresponding p-values, along with the parameter estimates, are listed in Table 4 . The significance of each coefficient was determined via the p-values and the Student t-test. The Student t-test was employed to obtain a value of the error mean square essential in testing the significance of the estimated coefficient of determination equation [equation (3)]. The Student t-test values could be obtained by dividing each coefficient by its standard error. The p-values were used as a tool to check the significance of each of the coefficients. Such p-values are necessary for understanding the pattern of the mutual interactions between the test variables. A larger magnitude of the t-value and a smaller p-value identifies the effect that appears to be very important (Khuri and Cornell 1987) . For our data, it was observed that the first-order main effects of both the amount of organobentonite (x 3 ) and temperature (x 4 ) and their second-order main effects (x 3 2 , x 4 2 ) were highly significant since their respective p-values were very small. The quantities x 3 and x 4 had a positive influence while x 3 2 and x 4 2 had a negative effect on the adsorption. Among these interactions, those between the initial concentration of benzoic acid and the rate of agitation (x 1 -x 2 ) and the amount of organobentonite and the temperature (x 3 -x 4 ) were modestly significant (p < 0.1). These interactions had a positive effect on the adsorption. Benzoic acid adsorption for different variables could also be predicted from the respective contour plots (Figures 1-6 ) (Box and Wilson 1951; Box et al. 1978) . Each contour curve represents an infinite number of combinations between two test variables with the other two being maintained at their respective zero levels. A relative comparison between Figure 1 and the regression equation revealed that the slope of each contour curve for different initial benzoic acid concentrations depended entirely on the amount of organobentonite. The higher the initial concentration of benzoic acid and the amount of organobentonite, the greater the extent of benzoic acid adsorption. This result agrees with the conclusions obtained for the main effects quoted in the above section.
The data depicted in Figures 2 and 3 demonstrate that the adsorption of benzoic acid was virtually independent of the agitation rate and the temperature but dependent on the benzoic acid concentration. The nature of the contour plots depicted in Figures 1-3 indicates that the mutual interaction between the benzoic acid concentration and the amount of organobentonite was more than that between the initial benzoic acid concentration and the agitation rate or the temperature. However, the contour plots shown in Figures 4 and 5 indicate that there was a mutual interaction between the amount of organobentonite, the temperature and the agitation rate, the elliptical nature of the plots indicating that the interactions were significant. As can be seen in Figure 4 , the concentration of adsorbed benzoic acid increased with temperature. Mutual interaction between the agitation rate and the temperature for benzoic acid adsorption is demonstrated in Figure 6 . Depending on the direction of movement, the concentration of adsorbed benzoic acid concentration either increased or decreased. In this case, a lower temperature and a higher agitation rate resulted in lower benzoic acid adsorption, and a higher temperature and a higher agitation rate led to increased adsorption.
Multi-stage Monte-Carlo optimization was used to solve regression equation (3). The optimum values of the test variables were found to be a temperature of 40ºC, an agitation rate of 170 rpm, an amount of organobentonite equal to 1.5 g and a benzoic acid concentration of 200 mg/l.
In Table 5 , each of the observed benzoic acid adsorption values is compared with the values predicted from the model. Comparison of the residuals with the error variance (S e 2 = 8.291, Figure 1 . Contour plot of benzoic acid adsorption: influence of amount of organobentonite, initial benzoic acid concentration and their mutual interaction. Other variables held at zero level. Table 3 ) indicated that almost none of the individual residuals exceeded twice the square root of the residual variance. All the above considerations indicate excellent adequacy for the regression model (Box et al. 1978; Khuri and Cornell 1987) . The adequacy of the model was also examined by additional independent experiments at the suggested optimum experimental conditions. The maximum adsorbed benzoic acid concentration predicted by the equation (169.05 mg/l) agreed well with the experimental value (163 mg/l) obtained from experimental verification at the optimum values (x 1 = 200 mg/l, x 2 = 170 rpm, x 3 = 1.5 g and x 4 = 40ºC). This indicates that the model as generated predicted the adsorbed benzoic acid concentration adequately. Thus, the optimum conditions for benzoic acid adsorption on to ODTMA-bentonite were successfully developed by CCD and RSM. 
CONCLUSIONS
Adsorption of benzoic acid on to ODTMA-bentonite was studied. Central composite design and Response Surface Methodology (RSM) were used with four parameters to evaluate the effects of important variables on the adsorption. A response equation was obtained for the adsorbed benzoic acid concentration. From this equation, it was possible to predict adequately the operating conditions required to obtain a well-defined quantity of benzoic acid adsorption. It was found that the most effective parameters were the amount of organobentonite employed and the temperature. These factors had a positive influence on the concentration of benzoic acid adsorbed. Amongst the interactions, the initial concentration of benzoic acid-agitation rate and the amount of organobentonite-temperature were significant and had a positive influence on the adsorption. As a result, it was found that the adsorbed benzoic acid concentration of 169.05 mg/l predicted by the equation agreed well with the experimental value of 163 mg/l. This indicated that the generated model predicted the benzoic acid concentration adequately. 
